Abstract: Alternate energy resources need to be developed to amend for depleting fossil fuel reserves. Lignocellulosic biomass is a globally available renewable feedstock that contains a rich sugar platform that can be converted into bioethanol through appropriate processing. The key steps of the process, pretreatment, enzymatic hydrolysis, and fermentation, have undergone considerable amount of research and development over the past decades nearing the process to commercialization. In order for the commercialization to be successful, the process needs to be operated at high dry matter content of biomass, especially in the enzymatic hydrolysis stage that influences ethanol concentration in the final fermentation broth. Biomass becomes a thick paste with challenging rheology for mixing to be effective. As the biomass consistency increases, yield stress increases which limits efficiency of mixing with conventional stirred tanks. The purpose of this review is to provide features and perspectives on processing of biomass into ethanol. Emphasis is placed on rheology and mixing of biomass in the enzymatic hydrolysis step as one of the forefront issues in the field.
Current outlook
Growing energy demand and increasing concern for the security of supply of oil tied with the urge to reduce greenhouse gas emissions have led to countries such as the US and European Union (EU) to set targets for replacing petroleum fuels with renewable biofuels. The US Department of Energy has set a goal for supplying 30% of the gasoline demand with biofuels by 2030, and the EU projects 10% of its transportation fuels to be derived from biofuels by 2020 [1] . Bioethanol made from sugar (Brazil) or starch (the US) is the most common renewable biofuel today [2] . It is a known substitute to gasoline or an additive to gasoline [3] . Such fuels derived from crops are termed first-generation biofuels. However, using crops for fuel production competes with food and is a short-term solution due to limited availability of land. Therefore, alternative renewable sources of energy such as lignocellulosic biomass will need to be pursued to provide for the shortage in first-generation biofuels. Biofuels derived from lignocellulose (neutral with respect to production of greenhouse gasses) are second-generation biofuels, research into which has escalated over the past decade with a number of pilot plants operating throughout the world [3] [4] [5] .
Lignocellulose is the primary component of plant biomass and is available in abundance from various renewable feedstock such as agricultural residues (corn stover, wheat straw, sugarcane bagasse), dedicated energy crops (switch grass, poplar trees), forestry residues (wood chips, sawdust) and municipal solid waste [6] . Overall, global lignocellulosic biomass potential is between 10 and 50 × 10 9 tons per year [7] . Global bioethanol potential of agriculture residues is presented by [8] . Data were collected using FAOSTAT statistical software. Average values were obtained for years between 1997 and 2001. Results are shown in Table 1 . Ground cover of 60% is applied to every residue for the exception of rice straw and sugarcane bagasse. Rice straw, wheat straw, and corn stover are the top three crop residues in the world. Corn (42%) is the predominant crop in North America. Rice (90%) and wheat (43%) dominate in Asia. Wheat also dominates among the crops in Europe (32%). In total, crop residues could replace 28.6% of global gasoline consumption. Mediterranean Basin annual production of lignocellulosic residues is around 180 Mton, which can yield 60 Mtoe (Mton oil equivalent) of ethanol [9] .
Conversion of biomass to ethanol includes (1) pretreatment, (2) enzymatic hydrolysis, (3) fermentation, and (4) distillation [10] . Pretreatment sometimes includes mechanical size reduction which must be followed by a strong thermochemical pretreatment to break up lignocellulosic structure solubilizing hemicellulose and/or lignin to make cellulose more accessible to hydrolytic enzymes. Enzymatic hydrolysis releases glucose from cellulose for ethanol fermentation. The two steps can be done together in a single step called simultaneous saccharification and fermentation (SSF). Typical biomassto-ethanol process flowsheet is shown in Figure 1 . Using lignin as a solid fuel can cover with an excess all steam and electricity requirements of the process making it a very valuable by-product [4] .
In order to obtain high ethanol concentration for distillation in lignocellulosic biorefinery process, steps such as enzymatic hydrolysis or SSF need to be operated at high solid loading. It is estimated that solids loading of around 30% (w/w) is required to obtain ethanol concentration in the final fermentation broth up to 5%-10% (w/w) [4, 11] . Operating ethanol production process at high solids loading has its advantages. Reduced use of water means lower capital costs and lower energy consumption during distillation. However, at high solids loading transport, limitations for the enzymes become significant to a point where mixing of biomass has become one of the primary issues in the area of lignocellulosic ethanol. At high solids loading (>15%, w/w), biomass possesses complex rheological characteristics that affect mixing energy consumption. As such, mixing in conventional stirred tanks becomes too costly and inefficient in terms of distributing the enzymes throughout the biomass. Alternate reactor geometries are ultimately required to achieve the goal of low power consumption and high transport efficiency. These can be helical ribbon or rotating drum bioreactors.
Biomass structure and composition
Lignocellulosic biomass consists of 33%-55% cellulose, 13%-33% hemicellulose, and 13%-32% lignin by dry weight (Table 2 ). These three main components constitute up to 90% of biomass with the remaining mass being attributed to ash, structural proteins, and extractives [24] . Cellulose and hemicellulose are a source of C6 and C5 sugars for bacterial fermentation. Hemicelluloses can contain pentoses and hexoses, small amounts of uronic acids, and hydroxyl groups and are partially substituted by acetyl groups (0.5%-3.9%). Xylan is the major component of hemicellulose in agriculture residues and hardwoods, while softwood hemicelluloses contain a substantial ratio of mannan (up to 50%) [25] . Lignin consists of aromatic p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units varying in amount depending on biomass type [26] . Cellulose consists of linear β-(1,4)-linked D-glucopyranose chains. The chains are arranged by hydrogen bonding into 3 × 5 nm diameter microfibrils that are in turn arranged into macrofibrils 50-250 nm in diameter [27] . In pretreated biomass cellulose chains contain a reducing end and a non-reducing end. Structurally, cellulose microfibrils are covered with a heterogeneous hemicellulose polymer which is wrapped by amorphous lignin polymer that makes biomass resistant to chemical or biological catalyst. Lignin-carbohydrate complexes play a major role in biomass recalcitrance. They are the bridges between lignin and hemicelluloses formed via ester and ether bonds between p-coumaric and ferulic acids [26] . Recalcitrant structure of plant cell wall is depicted in Figure 2 . Processing of lignocellulose into biofuels must involve a strong thermochemical pretreatment to disrupt the recalcitrant lignocellulosic matrix making cellulose microfibrils accessible to enzymes [13, 14, 18] . Genetic manipulation of plants to reduce lignin content can make them more favorable for bioprocessing [28, 29] . Down-regulation of the switchgrass coffeic acid O-methyl transferase gene reduces thermal-chemical, enzymatic, and microbial recalcitrance of the plant. The manipulation reduces the syringyl:guaiacyl lignin monomer ratio and lignin content. It is reported that the down-regulated switchgrass requires less severe pretreatment and 300%-400% lower cellulose dosages and increases ethanol yield by up to 38% [29] . Through overexpression of the transcription factor PvMYB4 which reduces carbon deposition into lignin and phenolic fermentation inhibitors, Shen et al. [30] was able to increase ethanol yield from switchgrass by 2.6-fold. Down-regulation of 4-coumarate coenzyme A ligase, a major lignin synthesis enzyme, decreased lignin content by 45% and increased cellulose fraction by 15% in genetically modified aspen without harmful effects on plant growth, development or structural integrity [7] . Engineering vascular bundles and pits between connecting cell walls to improve penetration of chemical and enzymes into biomass fragments could be one of the future trends aimed at improving transport limitations during processing of lignocellulose [31] .
Pretreatment
The need for pretreatment in lignocellulose-to-ethanol production process is unprecedented. For instance, the conversion of cellulose to glucose after enzymatic hydrolysis of corn stover following steam explosion pretreatment increased more than four times compared to untreated material [32] . Without pretreatment, too much enzyme is required to saccharify biomass making the process unfeasible [5] . Figure 3 depicts the concept of enhanced accessibility of cellulose to enzymes due to a pretreatment. Pretreatments are categorized into mechanical, acidic, alkali, oxidative, fractionative, and biological. Optimal pretreatment conditions with respect to glucose yields for various thermochemical pretreatments are shown in Table 3 . Structural changes to biomass during mechanical and thermochemical pretreatments are shown in Figure 4 .
Mechanical
Particle size reduction increases specific surface area and reduces crystallinity to improve accessibility of biomass to chemical and biological catalyst. It can take the form of knife milling [52] , hammer milling [53] or ball or wet disk milling [54] . Mechanical pretreatment alone cannot be used as an effective pretreatment option for biomass processing due to high specific energy consumption. It is rather used as an additional step prior to physiochemical pretreatments. However, due to high energy consumption, some pilot plants limit this pretreatment to coarse cutting in the case of wheat straw [4] . Particle size reduction to pieces 1-15 cm in length would be ideal for future ethanol biorefineries to circumvent high energy demand of mechanical comminution [31] . If smaller particle size is otherwise required, knife milling can be followed by hammer milling. Fine mechanical comminution is applied prior to all thermochemical pretreatments in Table 3 to eliminate particle size as a factor in studying enzymatic hydrolysis yields.
Acidic

Steam explosion
Steam explosion pretreatment involves pressurizing biomass at high temperature followed by a rapid decompression. Steam explosion solubilizes hemicellulose into monomers, changes lignin structure precipitating it onto biomass, and causes separation of fibers. It is effective without a catalyst but can also be SO 2 and H 2 SO 4 catalyzed to improve hemicellulose dissolution [32] [33] [34] . Recently, Yu et al. [55] have developed a new steam explosion device composed of a cylinder and a piston that completes the explosion within 0.0875 s which is 123 times faster when compared to conventional valve release vessels. Advantages include high hemicellulose solubilization and production of a porous substrate that is easily hydrolyzed into sugars. Also, lignin is transformed in structure into liquid state and precipitates back onto biomass. At the end of enzymatic hydrolysis, transformed lignin is used as a solid fuel in local power plants.
Dilute acid
Pretreatment with dilute sulfuric, phosphoric, or organic acids solubilizes hemicellulose from biomass. A drawback is that some of the resulting sugars are degraded to known fermentation inhibitors furfural and hydromethylfurfural requiring a detoxification step. However, cellulose digestibility following the pretreatment is high (75%-100%) [18, [35] [36] [37] , which makes it another widely used pretreatment option.
Hydrothermal
Pretreatment with liquid hot water solubilizes hemicellulose with internally produced acids such as acetic acid (autohydrolysis) during the pretreatment. Advantages include minimal production of fermentation inhibitors and reduced use of chemical for pH adjustment [13, 38] .
Alkali
Lime
Lime pretreatment of biomass is performed at mild conditions but at longer reaction times compared to other pretreatments to remove lignin [39, 40, 56] . The pretreatment can be operated at oxidative conditions using air to enhance lignin removal. At these conditions, lignin removal can reach up to 88% compared to 50% at nonoxidative conditions [40] . Xylose yield can range between 70 and 80% [39, 40] .
NaOH
Pretreatment with NaOH is optimal at high temperatures and long reaction time. Microwave can be used to further improve disruption of lignocellulosic matrix [41] . Delignification ranges between 33 and 72% depending on reaction conditions [42] . Xylose yield ranges between 90 and 99% [41, 42] .
NH 3
Soaking in aqueous ammonia (SAA) at mild temperatures removes around 50% lignin, while all of cellulose and xylan remain in solids. The pretreatment suffers from low glucose digestibility most likely linked to lower lignin removal compared to other alkali pretreatments [43] . Also, because xylan remains in solids, it blocks the access of enzymes to the substrate.
Ammonia fiber expansion
During ammonia fiber expansion (AFEX) process, biomass is treated with liquid anhydrous ammonia at mild temperatures and high pressure followed by a rapid decompression. As a result, biomass swells including lignin solubilization, cellulose decrystallization, and hemicellulose hydrolysis. Xylose yield was found to be 80% [44] . The pretreatment is quite economical as described in following sections. This pretreatment is unique in that it fragments lignin into small blocks without destruction of lignin polymer chemical structure implied as solubilization in other pretreatments.
Oxidative
Wet oxidation
Wet oxidation solubilizes 30%-55% lignin and 60%-80% hemicellulose, while over 90% cellulose remains in the solid fraction. The process takes place in high atmosphere oxygen environment with an alkali catalyst (Na 2 CO 3 ) [45, 57] . High capital cost of pressurized equipment is a big disadvantage of this process.
Ozonolysis
Ozone oxidizes C=C bonds in lignin polymer, releasing soluble compounds such as formic and acetic acid. The pretreatment is more effective for feedstock lower in lignin content. Up to 30% of acid insoluble lignin is removed by the process [46] . Up to 17% of both xylan and glucan are also solubilized [58] . Loss of carbohydrate components during ozone pretreatment is too high to be a viable option.
Alkaline hydrogen peroxide
Alkaline H 2 O 2 pretreatment solubilizes lignin and xylan as well as causes swelling of biomass [59, 60] . The pretreatment is performed at room temperature but at pretreatment time of days. Instability of H 2 O 2 and large production of salt after pH adjustment can be disadvantageous [47] . Long pretreatment times would mean that a lot of capital would be involved in handling tonnages of daily feed. Also, production of salts can hurt the fermentation process.
Fractionative
Ionic liquids
Pretreatment with ionic liquids dissolves biomass into its constituent components. Upon addition of an anti-solvent such as water, the regenerated biomass contains cellulose in amorphous form that is highly susceptible to enzymatic hydrolysis. Recycling of the ionic liquid is nearly quantitative. Enzymatic hydrolysis yield depends on the ionic liquid used [48, 61, 62] . The price of an ionic liquid is currently too high for this pretreatment to be economic.
Phosphoric acid
Pretreatment with concentrated phosphoric acid (~85% w/w) takes place at low temperatures with the use of organic solvent (ethanol or acetone) to quench the reaction and precipitate dissolved cellulose and hemicellulose. Lignin is dissolved into the liquid phase and can be removed by washing out phosphoric acid with the organic solvent. A distiller is required to evaporate the solvent [49, 63] . This is a great pretreatment for a lignocellulose-based biorefinery where biomass components are fractionated.
Organosolv
Organosolv pretreatment utilizes organic solvent with or without an acid catalyst as delignification agent. Lignin is separately precipitated as a solid material, and carbohydrates are isolated as syrup. The pretreatment results in significant reduction in the degree of crystallinity of cellulose and solubilization of hemicellulose [64, 65] . However, glucose yields are on the lower side (~70%-75%) [50, 66] .
Supercritical CO 2
Supercritical CO 2 pretreatment causes explosion of biomass which reduces cellulose crystallinity by about 50% and increases biomass porosity. Biomass has to be pre-wetted in water prior to pretreatment. Dissolution of CO 2 in water increases acidity inside the reactor which causes auto-hydrolysis of hemicellulose [67] . The cost of CO 2 is low; however, the process requires high-pressure equipment for operation. The pretreatment was showed to be much more effective for hardwoods than softwoods [51] . Glucose yields for pretreated switch grass and corn stover were also very low [68] .
Biological
White-rot fungi delignify biomass by producing lignindegrading enzymes such as manganese peroxidase and lignin peroxidase [69] . Although it is an environmentally friendly process that does not involve the use of chemicals, several issues pertain: carbohydrate loss to sustain microbial growth, reactor scaling, heat build-up, and process control [70] . 
Additional considerations
Being the first step, pretreatment is the key step in ethanol biorefinery that affects downstream processes. An ideal pretreatment would have to satisfy the following criteria: 1. Low loss of carbohydrate platform. Feedstock cost can be as high as 50% of the overall ethanol selling price [72] . Loss of feedstock sugars could thus be detrimental to the overall process economics. 2. High cellulose and hemicellulose digestibility.
Although most studies are focused on glucan yields, xylose can also be converted to ethanol by modern strains, and enzymes exist that can convert xylan to xylose. 3. Lignin utilization. Lignin can be used as fuel or as a platform for value-added chemicals. Either ways it is a major part of biomass composition, and its loss during pretreatment could be detrimental to the overall process economics.
Production of little or no fermentation inhibi-
tors. An additional detoxification step could be required entailing additional capital and operational expenses. 5. Minimize use of chemicals. Use of chemical acids or bases requires pH adjustment which could result in production of a lot of salts which could damage fermenting bacteria. 6. Operation at high solids loading. Some pilot plants operate at biomass loading of 15%-20% (w/w) [5] or even up to 40% (w/w) [4] .
Economic considerations
Economic viability is the main obstacle to commercialization of lignocellulosic ethanol. Tao et al. [72] evaluated six pretreatment technologies for conversion of switchgrass into cellulosic ethanol: AFEX, dilute acid (DA), lime, liquid hot water (LHW), SAA, and SO 2 impregnated steam explosion (SO 2 ). Plant size was 2000 metric tons per day. EH was evaluated at solid content of 20% (w/w), and the slurry is then fermented by glucose-xylose fermenting bacteria. Solids from distillation are combusted to cover steam and electricity needs. Excess electricity is sold to the grid. Minimum ethanol selling price (MESP) is correlated with monomeric glucose and xylose yields. SAA pretreatment was found to have the highest MESP. SO 2 pretreatment resulted in highest monomeric sugar yields. However, MESP for SO 2 pretreatment was lower than AFEX and DA pretreatments due to costs associated with using SO 2 . LHW pretreatment produced significant amounts of unfermentable sugar oligomers which reflected on its higher MESP. MESP ranged between $2.74/gal for AFEX pretreatments to $4.07/gal for SAA pretreatment. AFEX pretreatment was followed by DA and SO 2 pretreatments in the range $2.50-3.00/gal. Lime and LHW pretreatments were following in the range $3.00-3.50/gal. Some 45%-53% of MESP for all six cases was attributed to feedstock cost. Total capital cost was in the range $325-385M. Kazi et al. [73] evaluated four pretreatment technologies: DA, two-stage DA, AFEX, and LHW; as well as three post-treatment scenarios: pervaporation, separate glucose and xylose fermentation, and on-site enzyme production. DA and AFEX pretreatments were the most feasible with ethanol production cost of $1.36 and $1.47/l of gasoline equivalent (LGE).
LGE is the amount of ethanol equivalent in energy content to 1 l of gasoline. LHW and two-stage DA pretreatments were at $1.77 and $1.75/LGE, respectively. Substituting beer column with a pervaporation membrane was found to increase the present value of ethanol by $0.14/LGE due to high capital cost of the membrane. Similarly, due to significant amount of feedstock being diverted to on-site enzyme production (9.2% of hydrolysis feedstock), this scenario resulted in $0.06/LGE increase in present value compared to $0.28/LGE for the base case (i.e. without the on-site enzyme production). The present value of separate glucose and xylose fermentation was $0.11/LGE higher than the base case due to increased operating and capital costs for separate fermentation vessels and lower concentrations of ethanol in the beer columns.
Eggeman and Elander [74] evaluated five pretreatment technologies for bioprocessing of corn stover into ethanol: DA, LHW, AFEX, ammonia recycle percolation (ARP), and lime. Plant capacity was 2000 metric tons per day. Lime pretreatment had the lowest total fixed capital per gallon annual capacity, $3.35/gal, followed by DA and AFEX at $3.72/gal, and ARP and LHW at $4.56 and $4.57/ gal, respectively. However, MESP for DA pretreatment was the lowest at about ~$1.35/gal followed by AFEX at ~$1.45/gal, and lime, ARP, and LHW at ~$1.65/gal. The MESP of an ideal pretreatment was evaluated at ~$1.00/ gal. Compared to other studies, the total capital evaluated is on the order of $100 M lower. Pretreatment capital is in the range of $5-28 M which is much lower compared to pretreatment capital evaluated by Tao et al. [72] , $20-57 M. Total capital costs for different pretreatments are shown in Table 4 .
Enzymatic hydrolysis
Cellulolytic or cellulase enzymes consist of three main groups of enzymes: exo-1,4-β-D-glucanases (EC 3.2.1.91), endo-1,4-β-D-glucanases (EC 3.2.1.4), and β-glucosidases (EC 3.1.1.21). Exoglucanases hydrolyze cellobiose units off of cellulose chains. They are divided into two forms -cellobiohydrolase I (CBH I) and II (CBH II). CBH I hydrolyzes cellulose chain from the reducing end, and CBH II proceeds from the non-reducing end [75] . Endoglucanases [78] .
Enzymes act in synergy to hydrolyze biomass into sugars [79] . Zhang et al. [80] found that without β-glucosidase, the yield of glucose was 57.1%, which increased to 80% after addition of 2.9 mg protein/g glucan of β-glucosidase. Supplementation of 0.67 mg protein/g glucan of xylanase increased glucose and xylose yields by 6.5% and 26.5% respectively. Some 0.12 mg protein/g glucan of pectinase increased glucose and xylose yields by 7.5% and 29.3%, respectively. Selig et al. [81] found that there was 84.6% synergistic improvement in cellobiose release by addition of commercial xylanase (XynA) and two esterases (Axel and FaeA) activities. Synergistic improvement in xylobiose release was found to be 180.7%. Data on enzyme synergy is important for creating more potent enzyme cocktails. The diverse enzyme system is shown in Figure 5 . Ye et al. [82] used genetic engineering such as cloning and expression to produce a bifunctional enzyme from hyperthermophilic bacterium Caldicellulosiruptor bescii. This enzyme is able to hydrolyze both cellulose and mannan oligosaccharides as well as show a modest synergistic effect with other endoglucanases.
Factors affecting enzymatic hydrolysis
Structural features of pretreated biomass substrate have a direct impact on enzymatic hydrolysis of lignocellulose. Lignin content and crystallinity index have the greatest effect, while acetyl content has a minor impact [83, 84] . Amorphous cellulose provides greater surface area for the action of enzyme than crystalline cellulose, thus the impact of crystallinity index. Acetyl groups, hemicellulose, and lignin act as structural barrier, and lignin also affects the hydrolysis by unproductive binding of enzymes to lignin. Zhu et al. [83] also found that at short hydrolysis times, lignin content did not have a great effect when crystallinity was low, and at long hydrolysis times, crystallinity did not have as much of an effect when lignin content was low. Enzymes are affected by end-product inhibition by glucose and cellobiose. O'Dwyer et al. [85] investigated inhibition pattern for cellulose system at excess exoglucanase loading and found that sugar conversion is linearly proportional to the logarithm of enzyme loading. End-product inhibition becomes an issue at high biomass solids loading. Exoglucanases can unproductively adsorb onto cellulose chain [86] . Enzyme activity can also be lost due to thermal denaturation and shear force from mechanical mixing [87] . Impedances to enzymatic hydrolysis are illustrated in Figure 6 .
Additives such as surfactants (Tween 20), bovine serum albumin, and polymers (PEG6000) increase enzymatic hydrolysis yields by binding to lignin instead of enzymes [88] . Eriksson et al. [89] found that enzyme adsorption to the substrate reduced from 90 to 80% upon addition of surfactant. Both glucose and xylose yields increase. The effectiveness of the additives depends on the type of pretreatment. Increase in sugar release was insignificant beyond additive loading of 150 mg/g glucan [88] .
Enzyme recycling
Recycling enzymes can offer potential enzyme cost savings. Recycling 60% of cellulose can generate cost savings of 15%, while 90% recycling results in savings of 50% [90] . Exo-and endo-glucanases remain adsorbed to the solid substrate during enzymatic hydrolysis. These enzymes can thus be recycled by recycling insoluble biomass fraction, which could result in 30% decrease in enzyme dosage [91] . Other ways of recycling enzymes are recycling enzymes present in the complete reaction mixture and recycling enzymes present in the complete reaction mixture after all cellulose has been hydrolyzed [92] . The first one can be accomplished by a fed-batch process. For delignified biomass, the enzymes desorb from the solid substrate which results in recovery of all cellulose activity [91, 92] . Membrane filtration is another method of recycling enzymes [93] [94] [95] . Some 50-kDa polyethersulfone membranes can be used in the process [94] . Cost benefit of enzyme recycling with membranes can be as high as 18 cents/gal of ethanol produced [95] . The main concepts of recycling enzymes are shown in Figure 7. 
Yield calculations
At low solids concentrations (<10%, w/w) glucose yields are calculated by the following equation:
If soluble sugar oligomers are present in the pretreated slurry, they also need to be incorporated into the yield calculations:
Equations (1) and (2) However, for slurries that contain little or no free water (10%-40% solids content, w/w), enzymatic hydrolysis involves changes of volume, density, and proportion of insoluble solids [97] . At these concentrations, Eqs. (1) and (2) can overpredict glucose yields by as much as 30% (increasing with solids loading). The following equation was developed by Zhu et al. [96] to account for change of liquid volume and soluble components other than HPLCdetectable sugars:
The ratio of liquid volumes before and after enzymatic hydrolysis,
where a cellobiose = 0.05, a glucose = a galactose = a mannose = 0.01, and a xylose = a arabinose = 0.12 are the correction factors to account for the amount of water consumed during the hydrolysis of respective sugar components. The liquid density is estimated by the following:
Using equations (3)- (5) gives good predictions of enzymatic hydrolysis yields with a relative error of 1%-5%. The error is slightly reduced if initial density of liquid is measured rather than calculated. Roche et al. [98] proposed an equation that predicts the total biomass conversion in which conversion of both cellulose and hemicellulose are accounted for:
In equation (6) , sugar concentrations in the liquid are converted to mass fractions.
Future prospects
High cost of enzyme is one of the impediments to commercialization of lignocellulosic ethanol. More efficient enzyme cocktails would have to be created that offer improved catalytic activity and synergy. Strategies to improve enzymes include bioprocessing for superior key enzymes, mining plant pathogens for hydrolytic enzymes, and enzyme engineering of which the latter is of the most importance. It includes mutagenesis, DNA screening, and gene expression or overexpression [99, 100] . Conventional cellulose enzymes operate at a temperature of around 50°C. Thermostable enzymes have been developed that can function at a temperature range of 60-100°C. Operating at increased temperature would mean higher specific activity of enzymes, which would reduce enzyme loading and higher stability which would allow for longer hydrolysis times [101] .
Fermentation
Saccharomyces cerevisiae is the most common yeast used in ethanol fermentation. For the purpose of fermenting sugars from lignocellulosics where ethanol concentration in the fermentation broth can only reach as high as 10% (w/w), yeast can be considered ethanol tolerant as growth is suppressed at 12% (w/v) ethanol but fermentative capacity is as high as 30% (w/v) ethanol. Protoplast fusion, hybridization, and continuous culture selection have been used to obtain ethanol-tolerant yeasts [102] . Saccharomyces cerevisiae yeast has been the main focus of researchers on improving its xylose fermenting ability. S. cerevisiae strains have been adapted to xylose metabolism by selection pressure, switching from cultivating on xylose to glucose-xylose and then back to xylose, and growing recombinant strains in aerobic environment and gradually moving to anaerobic environment [103] . Narrowed metabolic pathway of xylose conversion to ethanol is shown in Figure 8 .
Simultaneous saccharification and fermentation
SSF gives higher ethanol yields and lower enzyme loading, which is required because fermenting microorganisms relieve end-product inhibition of enzymes. While the optimum pH of both enzymatic hydrolysis and fermentation is at 4.5, fermentation takes place at a lower optimum temperature of 37°C [105] . To alleviate this problem and increase the temperature of SSF closer to the optimum of enzymes, Ballesteros et al. [106] has used thermo-tolerant yeasts capable of fermenting glucose at 42°C. Shaw et al. [107] engineered thermophilic bacteria strain capable of fermenting ethanol at 50°C. The strain required 2.5 times reduced enzyme loading for SSF compared to S. cerevisiae at 37°C. Factors affecting solid state fermentation include enzyme loading, biomass particle size, and mechanical shear produced by the impeller. Selected studies utilizing various strains for SSF are shown in Table 5 .
Future developments
Using metabolic engineering to develop ethanol fermenting thermophiles that can function at a temperature above 50°C could be a new trend in lignocellulosic ethanol fermentation. Together with thermostable enzymes, SSF would take place at a much higher temperature than the conventional optimum of 37°C. This would result in even lower enzyme loading required and reduced fermentation times as sugars would be released from pretreated biomass at a much higher rate. These trends in metabolic engineering of ethanol-fermenting bacteria could set a milestone in lignocellulosic ethanol production in the future and significantly reduce the economic barrier to its commercialization. Putting all the steps of the process together, one can picture an ionic-liquid-based biorefinery shown in Figure 9 . This biorefinery would utilize cellulose and hemicellulose sugars to produce ethanol, and lignin would be used as a separate product to satisfy various needs.
Rheology of lignocellulosic biomass
Studies on rheology of lignocellulosic biomass for production of biofuels are mainly limited to dilute acid pretreated corn stover and spruce investigated over biomass concentration range of 4%-40% (w/w). It was shown that untreated/pretreated biomass slurries are shear-thinning fluids with considerable yield stress [112] [113] [114] [115] . The nonNewtonian behavior begins at biomass concentrations above 5% (w/w) [112] . At biomass concentration ~20% (w/w) pretreated corn stover is a thick paste that can n.a., not available.
undergo irreversible plastic deformation [113] . Yield stress and viscosity increase with increasing biomass concentration due to increased interaction between biomass fibers and particles [116] . These interactions become stronger as slurry concentration is increased due to mopping up of free water by biomass particles, which have high waterabsorbing capacity. For instance, at concentration of 20% (w/w), the volume fraction of dilute acid pretreated corn stover is approximately 40% [98] . Contrary to other studies, Viamajala et al. [117] found that yield stress and viscosity reached a maximum point beginning from biomass concentration of 20% (w/w) depending on particle size and pre-treatment. At that point, the slurry was observed to be a wet granular material with little or no free water. Yield stress is the most important rheological parameter of biomass slurries as it provides minimum requirements for transport and mixing equipment. The common power law relationship used to model yield stress as a function of insoluble solids concentration is
The indexes depend on measurement technique employed and biomass properties such as particle size distribution and pretreatment [118] . Power law parameters for various biomass slurries are shown in Table 6 . The power law index is in the range of 3.0-7.8. According to data published by Ehrhardt et al. [119] , power law index decreased from 4.4 to 3.7 as pretreatment severity was increased. An opposite trend can be observed from data published by Viamajala et al. [117] , where pretreated samples had higher power law indices than untreated samples. Wiman et al. [115] found that decreasing particle size by milling increased power law index to 7.1 from 5.0. Similar results were reported by Viamajala et al. [117] where the power law index was increased from 3.0 to 4.0 as the particle size was reduced from 20 to 80 mesh. For wood pulp fibers, the power law index is reported in the narrower range of 2.3-3.6 [118] . This narrower range could be attributed to a more uniform size distribution of pulp fibers, while biomass such as corn stover was found to consist of particles and fibers with sizes ranging between microns and millimeters and aspect ratios ranging from 1 to 20 [113, 114] .
Particle size and pretreatment severity are factors that directly affect rheological properties of lignocellulosic slurries. Larger particles will have larger fibers on its surface resulting in greater entanglement and particulate interactions and thus higher resistance to flow [116] . The yield stress of dilute acid pretreated spruce slurry (12%, w/w) decreased from 22.6 Pa to 0.55 Pa after milling [115] . Viamajala et al. [117] found that apparent viscosity of 15% (w/w) untreated corn stover decreased from ~200 Pa·s to ~100 Pa·s as particle size was reduced from 20 to 80 mesh, with the gap in viscosity between the two particle sizes increasing with increasing pretreatment severity. The yield stress also halved for untreated samples and was reduced by about 97% for pretreated samples (Table 5 ). Dasari and Berson [116] found that viscosity of 10% (w/w) oak sawdust slurries decreased from 3000 cP for particle size range of 150 μm < x ≤ 180 μm to 61.4 cP for particle size range of 33 μm < x ≤ 75 μm. Acidic pretreatment removes hydrophilic xylan polymer, which increases free water in the slurry and reduces particle size [117, 119] . Ehrhardt et al. [119] found that increasing either pretreatment temperature or acid concentration resulted in decrease in yield stress and plastic viscosity of dilute acid pretreated slurries. When reaction temperature was increased from 159°C to 194°C, the yield stress decreased by 95%. Similar results were obtained by Viamajala et al. [117] . Although stronger pretreatment and reduction in particle size can lead to significant reductions in both slurry viscosity and yield stress, the economic benefits of reduced power consumption during mixing due to improved flow properties need to outweigh the additional costs associated with those energy-intensive operations. It is not envisioned that their intensity would go beyond that required for efficient digestibility of cellulose by the enzymes. During enzymatic hydrolysis, the slurry viscosity is rapidly reduced as hydrophilic cellulose microfibrils are broken down into sugars, resulting in reduction in particle size and increase in free water of the slurry. Dasari and Berson [116] found that viscosity of sawdust slurry was reduced by 70% of its initial value within the first 8 h of hydrolysis. The biggest drop occurred during the first 3.5 h of reaction. Similar pattern was obtained by Rosgaard et al. [120] for steam pretreated barley straw where the final viscosity after 72 h of hydrolysis reached below 100 mPa·s for all samples. The rate of viscosity decrease was slower for experiments with higher biomass loading.
Use of surfactants, such as sodium dodecylbenzene sulfonate, cetylpyridinum chloride, and cytel trimethyl ammonium bromide at concentration of 0.1% (w/w) can result in 3-4-fold reduction in the yield stress and viscosity. The use of these additives can result in 0.7% reduction in total capital costs and 1.8% reduction in total electricity consumption [121] . Samaniuk et al. [122] studied watersoluble polymers (WSPs), surfactants, and fine particles as rheology modifiers. WSPs were most effective, resulting in 60%-80% reduction in yield stress at additive concentrations of 1%-2% (w/w dry biomass).
When dealing with suspension slurries such as biomass, precise rheological measurements may become difficult due to settling in the measurement devices and wall slip [113, 123] . Pimenova and Hanley [123] used a helical ribbon impeller to measure the rheology of dilute acid pretreated corn stover at concentrations of up to 30% (w/w) solids. The helical impeller was found to be ineffective at solids concentrations above 32% (w/w). The apparatus was calibrated using standard xanthan and guar gum solutions. In an interlaboratory study by Stickel et al. [113] , rheology of dilute acid pretreated corn stover was measured by different rheometers (a wide-gap vane with parallel plates, a narrow-gap vane, roughened parallel plates with 100-grit sandpaper, and cone and plate geometries) for solid concentrations of up to 30% (w/w). To avoid settling, samples were well-mixed by hand prior to taking measurements. For parallel plates, large particles were screened out to prevent jamming. For the exception of cone and plate rheometer, there was a good agreement between the results of different laboratory groups. Roughened parallel plates were found to be able to cover all rheological properties studied.
Various models were used to represent stress-strain behavior of biomass slurries. These include power law, Bingham, Casson, and Herschel-Bulkley models. These models, however, are not applicable to enzymatic hydrolysis, the process step where rheology plays a key role, because of rapid changes to biomass structure during the initial stages. Roche et al. [98] modelled yield stress of dilute acid pretreated corn stover during enzymatic hydrolysis at 20% (w/w) solid loading as a function of conversion and particle volume fraction. The model showed good agreement with experimental data, and work is underway to model viscosity in a similar manner. Such models that are based on physical principles could aid in reactor design and eliminate the need for conventional rheometric measurement techniques.
Rheological data on lignocellulosic biomass is limited to acidic pretreatments, and no information is available on rheology of biomass pretreated with other methods such as alkali or fractionative pretreatments. Acidic pretreatments remove hemicellulose, while alkali pretreatments target lignin, thus resulting in two fundamentally different substrates with different properties such as water absorbing capacity, which has a direct effect on slurry rheology. In the case of an alkali pretreatment, it is expected that rheological properties would be higher due to the presence of amorphous hemicellulose and swelling of biomass, which would result in much greater water absorbing capacity, limiting to a greater extent the available free water in the slurry and particulate mobility compared to pretreatment with an acid. There is also limited rheological data on different feedstock types such as woody biomass that contains more lignin. Higher lignin content could influence forces of attraction between fibers and thus affect rheology of the material [124] .
Effect of hydrodynamics of mixing on biomass hydrolysis
Mixing enhances the hydrolysis of cellulose by improving the adsorption of the enzymes. For the cellulose enzyme complex, agitation has a direct effect on the adsorption of exoglucanase, while the adsorption of endoglucanase is not greatly affected. As a result of this shift in adsorption balance of cellulose enzymes, synergistic effect takes place that favors enzymatic hydrolysis [125] . Figure 10 shows the effect of mixing on enzymatic hydrolysis of biomass as obtained using various systems that were utilized in different previous works. As can be seen in Figure  10 , enzymatic hydrolysis yields increase for all biomass concentrations as a more effective mixing method is applied. A study by Roche et al. [126] using roller bottle bioreactor shows that mixing effectiveness is more pronounced as solid concentration is increased. However, Dasari [127] found that improvement in enzymatic hydrolysis yield during mixing with scraped surface bioreactor (SSBR) was uniform with solids concentration. Mixing in shake flasks at high solids content is not as effective as mixing in roller bottles, and the latter should be used in studies at high solids content to eliminate mass transfer limitations from parameters studied. There is also a synergistic effect between agitation and enzymatic hydrolysis. Mixing increases the rate of enzymatic hydrolysis, while cellulose hydrolysis reduces slurry viscosity and enhances mixing. Torque profile mixing is shown in Figure 11 . Initially, torque is high to overcome the yield stress, and it reduces over time as biomass particles are set in motion. The case of mixing without enzymes displays this shear-thinning behavior of biomass. When the enzymes are added, there is a steep decline in torque over time. Samaniuk et al. [130] studied the mechanism of mixing during enzymatic hydrolysis of biomass slurries at solids loading of 20% (w/w). Mixing was carried out in a modified torque rheometer with counter-rotating screw elements. Mixing speed was 55 rpm, and enzyme loading was 10 filter paper unit (FPU)/g cellulose. Samples mixed without enzymes showed a decrease in fiber length over the first 600s. When enzymes were added, there was a greater decrease in fiber length over time. It was hypothesized that the synergy between mixing and enzymatic hydrolysis was due to particle size reduction and damage of fibers by enzymes would leave them more susceptible to breakage by shear force. Palmqvist et al. [131] found that mechanical "pre-shearing" of substrate before adding enzymes had no significant effect on enzymatic hydrolysis. Lenting and Warmoeskerken [132] hypothesized that mechanical shear breaks crystalline cellulose regions into amorphous state, making them more amenable to saccharification by enzymes.
Enzyme dosage has a large effect on mixing energy consumption at increased solids loading. Zhang et al. [11] found that the ratio of mixing energy consumption to thermal energy in the ethanol produced increased exponentially from 9.3% at solids loading of 15% (w/w) to 58.6% at solids loading of 30% (w/w) at enzyme dosage of 7 FPU/g DM (dry matter) in an energy-efficient helical stirring bioreactor. When the enzyme dosage was increased to 30 FPU/g DM at solids loading of 30% (w/w), the ratio decreased to 12.7%. The cost of enzymes would have to be substantially reduced to account for increased enzyme dosage required for energy-efficient mixing of biomass at high solids content.
Stirred tanks
Power consumption is the most important parameter in mixing. Achieving high degree of homogeneity at low power consumption is the objective of any mixing process. Power consumed is calculated by the following equation:
Power number is a function of impeller Reynolds number in laminar region:
In turbulent region (Re i > 10 4 ), power number depends on impeller and reactor design parameters [131] . These parameters include ratio of reactor diameter to height, ratio of impeller tip diameter to reactor diameter, and the presence of baffles [133] . Design value allocated for mixing power consumption during SSF at National Renewal Energy Laboratory (NREL) pilot plant facility and utilized dilute-acid pretreated corn stover is 60 W/m at solids content of 10% (w/w) [134] . Stirred tanks are also used in enzymatic hydrolysis at Iogen's pilot plant in Canada. Plant capacity is 40 t/day, and solids loadings were between 15 and 20% (w/w) [5] . No information is given on the type of impellers used in these processes.
Palmqvist et al. [131] studied conversion and mixing power consumption of steam-pretreated spruce in a stirred tank at solids loading of 10% (w/w). The reactor was equipped with a pitched-blade impeller pumping upwards. Experiments were conducted at enzyme loadings of 10 and 20 FPU/g glucan and at impeller speeds between 25 and 500 rpm. At 500 rpm the conversion was double that at 25 rpm. Linear relationship was established between impeller speed and conversion at both enzyme loadings. The following relationship was found for the power number:
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Extremely high power requirement, 1.5 kW/m 3 , was reported for maximum conversion of 72% after 96 h. An optimum power requirement of 50 W/m 3 required operating at impeller speeds between 25 and 75 rpm at which the conversions were too low. Doubling enzyme loading reduced energy consumption by 15 to 25% depending on mixing speed.
The type of feedstock used during enzymatic hydrolysis affects power requirements for the process. Palmqvist and Lidén [124] studied power input during enzymatic hydrolysis of steam-pretreated energy crop Arundo donax (giant reed) and spruce in a stirred tank equipped with an anchor impeller at solids loading up to 20% (w/w). The experiment was conducted at either constant impeller speed or the impeller power input. At fixed impeller speed of 10 rpm, glucose yields increased for spruce but decreased for arundo with increasing solids content. Total energy input was much larger for spruce than arundo. Power input did not have a significant effect on enzymatic hydrolysis yields for arundo, but it did for spruce. It was concluded that process design for enzymatic hydrolysis reactor should be substrate specific as there were large differences in fiber structure and lignin content of the two materials, resulting in different rheological characteristics.
Hoyer et al. [135] studied SSF of steam exploded softwood in stirred tanks at solids loading of 5%-12% (w/w). Turbine impeller was used at impeller speed of 700 rpm, and an anchor impeller was used at speeds of 200 and 700 rpm. At solids loading of 10% (w/w) and impeller speed of 700 rpm, anchor impeller gave a slightly better ethanol yield compared to turbine impeller. At 12% (w/w), solids loading turbine impeller was not investigated, and the ethanol yield for anchor impeller dropped dramatically from 95.8% at 10% (w/w) to 32.7% at 12% (w/w). At impeller speed of 200 rpm, ethanol yield for anchor impeller at solid loading of 10% (w/w) was reduced to 84.6%.
Stirred tanks have been used on a milliliter scale for screening studies for enzymatic hydrolysis. Riedlberger et al. [133] designed two stirrers, the H-stirrer consisting of two vertical blades situated parallel to each other along the shaft and the S-stirrer with one blade pointing downwards and the other one pointing upwards. The stirrers were magnetically driven by a magnet located in the middle of the impeller. The time to achieve homogeneity was twice as high for H-stirrer compared to S-stirrer. S-stirrer with baffles gave the best enzymatic hydrolysis yield. Enzymatic hydrolysis of corn stover was performed at solids loading of 6% (w/w). Computational fluid dynamics showed that the S-stirrer had a strong axial flow field, while for the H-stirrer, tangential flow dominated. In a previous study, the S-stirrer was capable of mixing microcrystalline cellulose at 20% (w/w) solids and wheat straw at 8%-10% (w/w) and was successfully scaled up to 1 l volume from 10 ml. The main purpose of the block of parallel stirred tank reactors was to provide an efficient tool for optimization of enzymatic hydrolysis parameters such as pretreatment conditions, enzyme dosages, and combinations [136] .
Mixing of viscous fluids with yield stress in stirred tanks results in formation of a cavern where shear stress equals yield stress at the cavern boundary and unmixed regions result outside of the cavern boundary (see Figure 12) . Solomon et al. [137] proposed a mathematical model for mixing cavern, assuming a spherical shape centered on the impeller. Hot film anemometry and Xanthan gum were used in the experiments. Power dissipated by the impeller is transmitted to the cavern wall, and it is assumed that tangential motion dominates within the cavern. Cavern diameter can be obtained by Spherical representation of the cavern model is not exact. It was found that the cavern is somewhat squashed. Elson et al. [138] modified the spherical model into cylindrical model:
The value 0.4 c c H D = is a good approximation until the cavern boundary reaches baffles. Amanullah et al. [139] has developed an equation for a torus-shaped model with cavern spheres touching at the center of the impeller:
The model takes into account total momentum produced by the impeller as the summation of both tangential and axial components and can also be applied to radial flow impellers.
Helical bioreactor
Helical ribbon bioreactors provide the advantage of high mixing efficiency at low power consumption for stirring high solids loading lignocellulosic slurries. Zhang et al.
[11] used a helical stirring bioreactor for SSF of steam exploded corn stover by S. cerevisiae DQ1 strain at solids loading of 15%-30% (w/w). The reactor consisted of a drive shaft, a helix impeller, a turbine/aerofoil impeller on the drive shaft in the middle of the helix impeller, and a bottom impeller. The SSF was operated in two stages. In the first stage, the prehydrolysis stage, biomass is liquefied into a liquid slurry form for 12 h. The biomass feeding rate is adjusted in a semicontinuous style so that solids are first liquefied prior to feeding any additional solids. In the SSF stage, the biomass slurry is fermented for 60 h. The feeding time in the prehydrolysis stage was 2 h shorter for the helical impeller than Rushton impeller showing that the helical impeller was more efficient at mixing biomass in the crucial initial stage of SSF operation. Quicker liquefaction would mean a shorter overall process time that would yield cost savings. Compared to Rushton impeller, glucose consumption during SSF for helical impeller was greater even though glucose concentration was identical for both cases at the start of fermentation. Higher glucose consumption resulted in higher ethanol production and a greater final ethanol concentration. Mixing power consumption is shown in Figure 13 .
Computational fluid dynamics simulation showed that in a highly viscous system, fluid field distribution for the helical impeller was quite complex. There was a large vertical circulation with an upward flow near the axis, a downward flow between the outer edge of the impeller and the reactor wall, and small circulation around the spiral bladders. For the Rushton impeller, the mixing field was limited to one third of the whole reactor volume around the blades, while the helical impeller showed a uniform distribution throughout the whole reactor volume [11] .
Rotating drums
Drum mixers operate by the principle of gravity mixing where biomass is subjected to free fall by the rotating drum or axis containing lifting paddles. When compared to conventional stirred tanks, drum mixers enable efficient mixing of high dry matter content biomass slurries (up to 40%, w/w) at low energy expenditures. The rotating drums can be easily scaled up to fit various process needs or biomasses. Free fall mixer is currently in use at DONG Energy's Integrated Biomass Utilization System pilot plant facility for pre-hydrolysis and SSF operation [4] . Horizontal operation of drum mixers provides advantages such as eliminating particle settling and formation of dead zones as well as improved heat transfer through reactor wall [140] .
Roche et al. [98] compared enzymatic hydrolysis performance of 2 l roller bottles to a custom designed high solids bioreactor (HSBR). The reactor included a 5 l cylinder with eight paddles and wiper blades mounted on a horizontal rotating shaft. The wiper blades were installed to clear the wall of the reactor to enable mixing at high solids content (20%, w/w). The mixing speed was 2 rpm. The HSBR gave a better enzymatic hydrolysis yield (about 5%) than roller bottle at enzyme loading of 20 mg protein/g cellulose. Roller bottles were also investigated for parameters such as mixing speed (2-20 rpm), presence of baffles (zero or four baffles), and amount of mixing media (0-18 media). Biomass conversion was not significantly affected by the aforementioned parameters.
Jørgensen et al. [141] studied a horizontal drum bioreactor with varying mixing speeds (3.3-11.5 rpm) and mixing media (3-12 kg of steam exploded wheat straw) at solids loading above 20% (w/w). The reactor was a horizontal drum divided into five chambers. Mixing was achieved by a horizontal shaft mounted with three paddlers. The motor was programmed to shift twice a minute between clockwise and anticlockwise rotation. There was no significant correlation between mixing speed and cellulose conversion as well as ethanol yield. Hemicellulose conversion was found to decrease by 18% as mixing speed was increased from 3.3 to 11.5 rpm. At chamber filling of 3 kg, issues with adhesion of substrate to reactor walls and paddlers occurred, which resulted in the lowest cellulose conversion and ethanol yield. Above 4 kg, no major effect of chamber filling was revealed.
Dasari et al. [140] tested a novel SSBR for power consumption during saccharification of dilute acid pretreated corn stover slurries at solids loading of 10%-25% (w/w). The 8 l SSBR consisted of three scraping blades spaced 120° apart, connected to a central shaft and staggered along the shaft in three segments. Styrene rubber strips were attached along the length of each blade to scrape the interior of the reactor wall. For the highest solids content slurry tested (25%, w/w), the specific power consumption at mixing speed of 2 rpm was 0.56 kW/m 3 , which is below the lower limit of 1-5 kW/m 3 power consumption for industrial applications. Glucose conversion at this mixing speed reached 70%.
Conclusion
A variety of pretreatments exist for conversion of lignocellulosics into ethanol. As not all of them are economically viable, an in-depth economic analysis would have to be applied to screen for the best pretreatment options. New initiatives would also have to be undertaken to find more efficient ways of fracturing biomass. If it comes to the structural characteristics of biomass, genetically modified crops low in lignin would have to be grown globally. Highthroughput screening techniques need to be developed to aid the search for better enzyme mixtures or ethanol fermenting microorganisms. More rheological data need to be obtained for a more open picture on determining the best pretreatment for rheological properties. Appropriate models will have to be constructed and compared as to which model represents the best fit to the experimental data. Novel mixing systems would have to be designed. Lignocellulosic ethanol research and development has reached a turning point where small improvements in each step of the process would have to be made to turn the tide towards large-scale commercialization.
Nomenclature
Y g
Glucose yield a i
Amount of water used to form soluble sugar i from its polysaccharide (g/g of sugar i) C g Concentration of glucose (g/l) C g0
Initial concentration of glucose (g/l) C gos0 Initial concentration of glucose oligomers (g/l) C i
Concentration of sugar i (g/l) C i0 Initial concentration of sugar i (g/l) C is0 Initial concentration of insoluble solids (g/l) ρ h Density of hydrolyzate liquid at 25°C (g/l) ρ h,c Calculated density of hydrolyzate liquid at 25°C (g/l) ρ ho,c Calculated initial density of hydrolyzate liquid at 25°C (g/l) ρ w Density of water at 25°C (g/l) ϕ G Molecular weight ratio of glucose to glucan monomer (180/162) ϕ gos Molecular weight ratio of glucose to average monomer weight of glucose oligomers (180/166.5, assuming oligomer DP of 4) f ts0 Initial mass fraction of total solids (soluble + insoluble) in slurry total biomass conversion f is0 Initial mass fraction of insoluble solids in slurry f g Glucose mass fraction of the total slurry f cb Cellobiose mass fraction of the total slurry f x Xylose mass fraction of the total slurry γ Gg Molecular weight ratio of glucan monomer to glucose (162/180) γ Gcb Molecular weight ratio of two glucan monomers to cellobiose (324/342) γ Xx Molecular weight ratio of xylan monomer to xylose (132/150) χ is0
Initial mass fraction of insoluble solids in total solids χ G0
Initial mass fraction of glucan in insoluble solids χ x0
Initial mass fraction of xylan in insoluble solids τ y Yield stress (Pa) 
